A mathematical model is used to study the fate of nitrogen oxides (NO ) emissions and the reactions responsible for the formation of nit~ic acid (HN0 3
Introduction
Nitric acid is a major end product of nitrogen oxides emissions.
Its presence in the atmosphere can lead to the acidification of rain and fog (Galloway and Likens, 1981; Waldman et al., 1982; Levine and Schwartz, 1982; Liljestrand and Morgan, 1978; Adewuyi and Carmichael, 1982) and to dry deposition Liljestrand, 1980; Huebert, 1983) . Aerosol nitrates, formed by reaction between nitric acid and either ammonia or preexisting aerosol, are key contributors to the visibility problems observed in cities like Los Angeles and Denver (White and Roberts, 1977; Groblicki et al., 1981) . As a result, there is considerable interest in better understanding the mechanisms by which nitric acid is formed in and removed from the atmosphere.
Recent studies of the deposition of nitrogen-containing species and the formation of aerosol nitrates Russell et al., 1983 show that an understanding of the fate of nitrogen oxides (NOx) emissions depends on several poorly understood steps in the nitric acid production cycle.
Calculations are sensitive to the treatment of dinitrogen pentoxide (N 2 o 5 ) hydrolysis, dry deposition rates, aerosol scavenging processes, and temporary storage of NO in the form of aerosol nitrates and X peroxyacetyl nitrate (PAN). The purpose of the present paper is to estimate the relative importance of these key processes to the formation and fate of nitric acid and other major nitrogen-containing · pollutants. 2 A number of different methods may be employed to investigate nitric acid production, notably: smog chamber studies, mathematical models, and atmospheric measurements. Each of these approaches has its individual strengths and weaknesses. Smog chamber studies do not take into account fresh emissions, diffusion, transport and deposition to natural surfaces, although they do allow accurate characterization of the pollutant evolution within a confined air mass. Studies based on atmospheric measurements have the advantage that the air being sampled has been exposed to all of the actual processes affecting pollutant formation. In practice, however, it is hard to follow individual air parcels in the field. In addition, field data usually are taken at ground level, with little or no attention being given to the chemistry and transport processes taking place aloft. Likewise, it is very difficult to separate the effects of transport, chemistry, and emissions from one another given most sets of field experimental data.
Mathematical models, in their many forms, can retain most ' of the strengths of the two previous methods. All theoretical formulations embody some degree of approximation, and a variety of assumptions must be used. However, if a model can be formulated that performs well when compared to smog chamber and field observations, its use has many advantages as a diagnostic tool for exploring atmospheric processes.
These models incorporate descriptions of vertical diffusion, deposition, pollutant emissions and advective transport. By suppressing each of these processes in turn, one can investigate the extent to which particular physical or chemical mechanisms are responsible for the time rate of change of pollutant concentrations observed at ground-based air monitoring sites. In the present study, a photochemical trajectory model will be used to explore the mechanisms that determine nitric acid concentrations in the atmosphere.
Trajectory Model Description
The trajectory model adopted for use in this study is described by Russell et al. (1983) , and includes the effects of gas phase chemistry, the formation of nitrate aerosol, emissions, deposition and vertical diffusion. The photochemical mechanism based on McRae et al. (1982) has been augmented with the aerosol nitrate chemistry of Russell et . al. (1983) . The N0 3 photolysis rate used is from Graham and Johnston (1978) . The ultimate products of reaction 56 are reported to be nitroxyperoxyalkyl nitrates and dinitrates, abbreviated RPN (Bandow et al., 1980 The reaction numbers correspond to McRae et al. (1982) . Rate constants have been updated to reflect the recommendations of Atkinson and Lloyd (1984) and Baulch et al. (1982) .
An evaluation of the chemical mechanism's ability to describe the atmospheric chemistry was accomplished by comparing predictions against a set of smog chamber experiments (Falls and Seinfeld, 1978; McRae, 1981) . That comparison showed good agreement between measurements and predictions for both ozone and the measured nitrogencontaining species. Evaluation of the complete trajectory model indicated that it adequately predicts the concentrations of gas phase pollutants, like ozone, and also the production of ammonium nitrate aerosol (see Russell et al., 1983) .
Nitrogen Fluxes and the Fate of Nitrogen Oxides Emissions
The air quality model was applied to follow the fate of NO X emissions along a 24-hour trajectory across the Los Angeles basin. The air parcel trajectory used in this analysis is shown in Figure 1 , and passed over the Claremont, California, area at 1600 (PST) on 28 June 1974, the same day for which the initial model verification was accomplished. The air parcel was modeled as a column lOOOm high, divided into 10 cells. The cell thicknesses, starting with the ground level cell, were 30m, 50m, 70m, five lOOm thick, 150m and 200m. The day was marked by warm temperatures with an elevated inversion and high photochemical activity. Emissions into the air parcel were derived from a spatially resolved emissions inventory of the Los Angeles area.
This trajectory was chosen because the Claremont area experien~es high ozone levels, and because comparison will be made to No 3 measurements taken in the same location by Platt et al. (1980) . will be produced the next day from the remaining N0 2 and PAN.
A balance on the nitrogen in the air column, Figure 3 , indicates the importance of dry deposition. Fifty-eight percent of the NO X initially present in the air parcel or emitted along the trajectory has deposited out before reaching the end of the 24-hour trajectory. The high HN0 3 formation rates present in photochemical smog promote rapid nitrogen oxides removal at the ground because the deposition velocity of HN0 3 is higher than for many other NOx species (Huebert, 1983) . In addition, the smog condition studied here is caused in part by low mixing depths that increase pollutant concentrations adjacent to the ground, accelerating dry deposition processes. A plot of the cumulative deposition along the trajectory shows that 39% of the oxides of nitrogen deposited as HN0 3 (Figure 4 ). PAN and N0 2 contribute 33%
and 24%, respectively, to the dry deposition flux, while particulate ammonium nitrate accounts for only 1%.
Nitric Acid Production at Night
A comparison of the rates of the four reactions (18, 46, 53, 54) leading to HN0 3 formation is shown in Figure respectively, account for 44% · and 44% of the total nitric acid produced. The two N0 3 reactions (53,54), in total, account for 32% of the nitric acid generated, mostly by reaction 54.
Clearly the relative importance of various nitric acid formation pathways is dependant on the accuracy of measured rate data. The rate constant for N 2 o 5 hydrolysis, k 46 , adopted in Table 1 is the value recently measured by Tuazon et al. (1983) . Earlier research by Morris and Niki (1973) placed an upper limit on k 46 that is a factor of 8 higher than used in the present study, and the actual rate could still be smaller than used here. Measurement of that rate constant is plagued by rapid heterogeneous reactions with the surfaces of smog chambers used to study that reaction. Two approaches will be taken to estimate the magnitude of the effect that this uncertainty can have on the production of nitric acid. First, the chemical mechanism itself will be dissected to indicate the approximate functional dependence of overall nitric acid production on each of the key rate constants. Then the trajectory model will be used to conduct a study of the effect of perturbed rate constants on predicted HNo 3 formation routes.
The dynamics of the nighttime N0 3 -N 2 o 5 system is described by the set of 11 reactions shown in Table 1 and can be studied in spite of the possible uncertainty in the rate constant for reaction 46. Excluding the aerosol reactions, the rate expressions for N0 3 and N 2 o 5 using the system in Table 1 become:
and (3) where accounts for the reaction of the organics with No 3 • Both N0 3 and N 2 o 5 have short characteristic reaction times, and the pseudo-steady state approximation can be made:
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Further simplification is possible in (5) by noting that -
The denominator in expression (8) is made up from the four sinks in the N 2 o 5 -N0 3 system. The first term is due to N0 3 scavenging by NO, the second to the N0 3 reaction with organics, the third to the reaction with N0 2 to form NO, and the last corresponds to nitric acid production (8) is to be evaluated. Platt et al. (1980) were unable to measure NO, and Tuazon et al. (1981) report NO concentrations at sunset below the detection limit of 1 ppb at Claremont, California. If 1 ppb is taken as an upper limit on the NO concentration at ground level, the first term in the denominator of (8) is of the order 86 min-2 , or much greater than the other terms combined. At that ground level NO concentration, the corresponding N0 3 concentration is 12 ppt. At the other extreme, if the ground level NO concentration is negligible, then the corresponding N0 3 concentration is 211 ppt. That range of N0 3 values brackets the peak N0 3 concentrations measured at ground level by Platt et al. (1980) at Claremont.
Equation (8) 
and (10) It is instructive to look at the magnitude of equations (9) and (10) in two regimes: if the NO is about 1 ppb and if the NO is negligible.
Using the species concentrations given in hydrolysis to the total rate of nitric acid production can be found by comparing the previous calculations to the rate of the N0 2 -oH radical reaction at noon.
Assuming an N0 2 concentration of 0.100 ppm (Tuazon et al., 1981) and an OR radical level of 2x10-7 ppm (Chameides and Davis, 1982) , daytime nitric acid production is about 3x10-4 ppm min-1 , less than the production of HN0 3 by reaction 46 after sunset at locations where the NO concentration is negligible (e.g. above the surface layer affected by fresh NO emissions). increases the production of BN0 3 by the reactions involving organics.
Still, 47% of the nitric acid is produced by nighttime reactions, and the total nitric acid produced is reduced by only 3% (see Table 3 ). Morris and Niki (1973) Table 3 ).
Prediction of N0 3 Concentrations
As indicated earlier, two key species in explaining the production of Vertical mixing has a major effect on the N0 3 concentrations.
Trapping the emissions in the bottom cell of the model almost removes the peak, whereas the base case calculation of the atmospheric mixing after sunset increases the peak N0 3 value and pushes the peak to a later time. Reduced vertical mixing in effect traps more NO emissions in the bottom cell of the model, giving an effect that is opposite to that discussed previously for the case where emissions are suppressed.
This brief analysis shows that chemistry alone cannot explain the behavior of N0 3 in the atmosphere. A complete analysis requires including the effects of transport, deposition and emissions. Given detailed data on emissions, meteorology, and o 3 and N0 2 concentrations, a similar analysis could be applied to the data of Noxon et al. (1980) .
Aerosol-Radical Interactions
Both N0 3 and N 2 o 5 possibly could be scavenged by surface reactions with aerosols (Chameides and Davis, 1982) . Though the rates of these reactions are unknown, an upper bound can be found from kinetic theory. The trajectory model can be used to assess the maximum effect of aerosol scavenging.
Possible products of the nitrate radical interaction with aerosols include aerosol nitrate, a sink in the system, or decomposition of the N0 3 into N0 2 and oxygen. N 2 o 5 also might decompose into its precursors, react with the aerosol surface to form aerosol nitrate, or, if the N 2 o 5 contacts water on the aerosol surface, it could undergo heterogeneous hydrolysis to produce nitric acid. In the following analysis, the aerosol surface reaction with N0 3 will be modeled as a sink for No 3
, the products remaining in the aerosol phase;
while N 2 o 5 reaction with the aerosol will be assumed to produce nitric acid that could re-enter the gas phase. Thus, the two reactions added to the system are
0 • f 1 (n(dp))
where the two· rate constants are calculated as functions of the aerosol size distribution function, n(dp)' which determines the aerosol surface area as a function of particle diameter, d
• p
An upper bound for these rate constants can be derived from kinetic theory by calculating the collision rate of the gas molecules with the aerosol surface. Assuming that 100% of the collisions are effective in achieving reaction, these upper limit rate constants are given by (Dahneke, 1983) k~ • Joo 2 1T D.
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where D. is the diffusion coefficient of species i, Kn is the Knudsen l.
number based on aerosol size and the mean free path of gaseous species i, and a is the collision efficiency. An estimate of the heterogeneous reaction rate constants in the Los Angeles atmosphere can be found using the measured aerosol size distribution of Table 3 in Whitby et al. (1972) . Upper bounds on these rate constants, using a=1, are calculated to be
Collision efficiencies are both hard to measure and highly dependent on the aerosol surface characteristics. Baldwin and Golden (1979) on sulfuric acid and the OH interaction with NaN0 3 (Jech et al., 1982) . The actual rate will vary as the aerosol surface characteristics and size distribution change. 
Conclusions
The photochemical trajectory model used by Russell et al. (1983) was applied to calculations along a 24-hour air parcel trajectory crossing the Los Angeles basin during a day that exhibits summertime high photochemical smog conditions. Ground level dry deposition calculations show that 58% of the nitrogen oxides inserted into the air parcel have deposited at the ground during that 24-hour period.
Nitrogen oxides removal is dominated by HN0 3 (39%), PAN (33%), and N0 2 (24%). Much of the nitrogen left in the air column at the end of the 24-hour trajectory is predicted to be associated with N0 2 or PAN.
During the following day, this PAN can either continue to deposit or thermally decompose releasing N0 2 • Significant nitric acid production takes place both at night and during the daytime. For the most probable case studied here (the base case of Table 3 6 -The rate constant used for the N0 3 reaction with higher aldehydes is that measured for acetaldehyde. 7 -The value used for the rate constant of the N0 3 reaction with olefins is that measured for the N0 1 reaction with propene. 8 -The ultimate products of reaction 5~ are reported to be nitroxyperoxyalkyl nitrates and dinitrates (Bandow et al., 1980 Value taken from trajectory model calculations used in this study at 19:00 PST.
Value representative of those measured by Platt et al. (1980) . Value representative of those measured by Tuazon et al. (1981) .
Concentration of higher aldehydes set equal to that of formaldehyde. Nitrogen balance on the air column illustrating the relative contributions, F(n), from initial conditions, emissions and removal by dry deposition.
Cumulative dry deposition of oxidized nitrogen air pollutants along a 24-hour traj~ctory in the Los Angeles area, in mg N per m of surface area at the bottom of the moving air column.
Diurnal variation in the contribution of different reaction pathways to the formation of gas phase nitric acid. The two reactions (53 and 54) between NO and organics have been added together for displiy purposes.
Predicted and measured N0 3 concentrations Riverside, September 12, 1979. Predicted + Measured (Platt et al. 1980) at Predicted and measured o 3 and N0 2 concentrations at Riverside, September 12, 1979. Predicted x Measured N0 2 (Platt et al. 1980 ) o Measured o 3 (Platt et al. 1980) Predicted vertical N0 3 concentration profile at 1900 (PDT) on September 12, 1979. Air parcel is located at Riverside. Predicted N0 3 concentrations at Riverside, September 12, 1979 for the base case and for several perturbations from the base case.
